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BACKGROUND OF THE INVENTION 
Field of the Invention 
The present invention relates to a semiconductor- 
laser-excited solid-state laser apparatus in which a 
solid-state laser crystal is excited by excitation 
laser light emitted from a semiconductor laser unit as 
an excitation light source, and emits laser light. 
Description of the Related Art 
Currently, there are demands for increase in 
output power and improvement in quality of solid-state 
laser apparatuses. In response to these demands, a 
solid-state laser apparatus achieving high output power 
is proposed. In the proposed solid-state laser 
apparatus, a solid-state laser crystal of NdrYAG, 
Nd:YV0 4/ Nd : YLF or the like is excited by excitation 
laser light emitted from a broad-guide semiconductor 
laser unit having a high power output. In addition, as 
a widespread technique, the laser light generated by 
the solid-state laser crystal may be converted into a 
second harmonic wave by providing a wavelength 
conversion element made of, for example, a nonlinear 
crystal or a domain-inverted LiNb0 3 , in an external 



resonator arranged outside of the solid-state laser 
crystal . 

On the other hand, in the current semiconductor- 
laser-excited solid-state laser apparatuses, the 
excitation light source is driven under a so-called 
automatic power control (APC) so as to stabilize the 
laser oscillation. That is, a portion of output laser 
light is monitored and fed back to the excitation light 
source so as to reduce variation in the output laser 
light. In order to stabilize the output laser light by 
the automatic power control, it is desirable that the 
ratio of an increase in the output of the semiconductor 
laser unit to an increase in the output of the solid- 
state laser apparatus is constant, i.e., the output of 
the solid-state laser apparatus monotonously increases 
with the increase in the output of the semiconductor 
laser unit. 

Nevertheless, in practice, the output of the 
solid-state laser apparatus does not monotonously 
increase even when the output of the semiconductor 
laser unit is increased by 10% or 20%. In a typical 
example of the solid-state laser apparatus, the output 
of the solid-state laser apparatus reaches a level of 
saturation when the output of the semiconductor laser 
unit is increased by 8% over an initial driving state. 

The above problem is caused by deviation of the 



oscillation wavelength of the semiconductor laser unit 
from a desired absorption peak of the solid-state laser 
crystal. Since a great amount of heat is generated by 
the semiconductor laser unit, the oscillation 
5 wavelength of the semiconductor laser unit is highly 

dependent on the driving current. That is, the 
oscillation wavelength of the semiconductor laser unit 
shifts toward the longer wavelength side with increase 
in the driving current. Consequently, the deviation of 
9 0 the oscillation wavelength of the semiconductor laser 

Hj unit from the desired absorption peak of the solid- 

state laser crystal becomes great. 
+: For example, in a known semiconductor-laser- 

3 _ excited solid-state laser apparatus, a solid-state 

4l 5 laser crystal of NdrYAG is excited by excitation laser 

MB light having a wavelength of 8 09 nm emitted from a 

O . semiconductor laser unit, and emits laser light having 

a wavelength of 94 6 nm. The full width at half maximum 
of the peak of the oscillation wavelength at which the 
2 0 solid-state laser crystal of NdrYAG best absorbs light 

is very small, i.e., at most 10 nm. Therefore, even 
when the shift of the wavelength of the excitation 
laser light is only a few nanometers, the wavelength of 
the excitation laser light deviates from the desired 
2 5 absorption peak of the solid-state laser crystal of 

NdrYAG, and therefore the excitation laser light cannot 
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be efficiently absorbed by the solid-state laser 
crystal of Nd : YAG . Thus, even when the driving current 
(driving power) is greatly increased, the increase in 
the output power of the solid-state laser apparatus is 
often small. 

In order to solve the above problem, an attempt 
has been made to suppress the dependence of the 
oscillation wavelength of the semiconductor laser unit 
on the driving current by enhancing radiation effect of 
the semiconductor laser unit during emission of high 
power laser light. As disclosed in Japanese Unexamined 
Patent Publication No. 10 ( 1 998 ) -19 0 13 1 , which is 
assigned to the present assignee, an attempt has been 
made to optimize a mechanical member which fixes a 
semiconductor laser unit so as to enhance radiation 
efficiency and reduce the dependence of the oscillation 
wavelength of the semiconductor laser unit on the 
driving current. 

However, when the output power of the 
semiconductor laser unit is further increased, the 
above optimization of the mechanical member is 
insufficient to sufficiently reduce the dependence of 
the oscillation wavelength of the semiconductor laser 
unit on the driving current. 

Japanese Patent Application No. 1 1 ( 1999 ) -82723 , 
which is also assigned to the present assignee, 



proposes a method for solving the above problems. In 
the proposed method, provision is made in driving of 
the semiconductor laser unit so that the deviation of 
the oscillation wavelength of the semiconductor laser 
unit is prevented. Nevertheless, the characteristic of 
the semiconductor laser unit per se has not been 
fundamentally improved by the method. Therefore, output 
loss occurs in the solid-state laser apparatus. Thus, 
it is not possible to further increase the output power 
by the method. 

SUMMARY OF THE INVENTION 
The object of the present invention is to provide 
a semiconductor-laser-excited solid-state laser 
apparatus in which stable automatic power control is 
performed, and from which high power laser light is 
output . 

According to the present invention, there is 
provided a semiconductor-laser-excited solid-state 
laser apparatus includes a solid-state laser element 
and a semiconductor laser unit including a resonator. 
The solid-state laser element is excited by light 
emitted from the semiconductor laser unit, and emits 
laser light. The resonator length in the semiconductor 
laser unit is arranged to be at least 0.8 mm. 

According to the present invention, the resonator 
length in the semiconductor laser unit is arranged to 



be at least 0.8 mm, which is longer than the lengths of 
the resonators in the semiconductor laser units in the 
conventional semiconductor- laser-excited solid-state 
laser apparatuses. Since heat is mainly generated in 
the resonator of the semiconductor laser unit, the area 
of the semiconductor laser unit which is in contact 
with a radiation member such as a heatsink is increased 
with the increase in the resonator length, and 
therefore ability to dissipate the heat generated in 
the semiconductor laser unit is enhanced. Accordingly, 
the dependence of the oscillation wavelength of the 
semiconductor laser unit on the driving current can be 
remarkably reduced. Thus, the wavelength of the 
excitation laser light does not substantially deviate 
from an absorption band of the solid-state laser 
crystal, in which the solid-state laser crystal best 
absorbs the excitation laser light. Thus, the solid- 
state laser crystal can be efficiently excited, and a 
stable laser output can be obtained from the 
semiconductor-laser-excited solid-state laser apparatus . 

In addition, the substantial area of the light 
emitting portion of the semiconductor laser unit is 
increased due to the above increase in the length of 
the resonator. Therefore, the operating current density 
can be reduced. Accordingly, it is possible to prevent 
deterioration of the semiconductor laser unit due to 



damage of the light emitting portion caused by the high 
current density. Thus, reliability of the 
semiconductor-laser-excited solid-state laser apparatus 
can be increased. 
5 Preferably, the resonator length in the 

semiconductor laser unit is at least 1 mm. It is 
further preferable that the length of the resonator is 
at least 1.5 mm. 

Further, the semiconductor-laser-excited solid- 
y. 0 state laser apparatus according to the present 

J"j invention may further comprise a second resonator which 

is formed by the solid-state laser element and a mirror 
j: arranged outside of the solid-state laser element, and 

*L a wavelength conversion element which is arranged in 

^15 the second resonator, and generates a second harmonic 

wave. 

Q DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram illustrating the construction 
of the semiconductor-laser-excited solid-state laser 
2 0 apparatus in an embodiment of the present invention. 

Fig. 2 shows graphs of the second harmonic wave 
output versus the output power of the semiconductor 
laser unit in semiconductor-laser-excited solid-state 
laser apparatuses in which lengths of resonators in the 
2 5 semiconductor laser units are respectively 0.5 mm, 0.75 

mm, 1 mm, 1.5 mm, 2 mm, and 3 mm. 
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Fig. 3 is a graph illustrating the relationship 
between the wavelength shift in the semiconductor laser 
output and the resonator length in the semiconductor 
laser unit. 

DESCRIPTION OF PREFERRED EMBODIMENTS 
Embodiments of the present invention are explained in 
detail below with reference to drawings. 

Fig. 1 is a diagram illustrating the construction 
of the semiconductor-laser-excited solid-state laser 
apparatus in an embodiment of the present invention. 
The semiconductor-laser-excited solid-state laser 
apparatus of Fig. 1 comprises a semiconductor laser 
unit 11 , condenser lenses 12a and 12b f a solid-state 
laser medium 13, a resonator mirror 14, quarter-wave 
plates 15 and 16, an optical wavelength conversion 
element 17, a polarization control element 18, a 
wavelength selection element 19, a beam splitter 22, an 
optical detector 23, and an automatic power control 
(APC) circuit 24. 

The semiconductor laser unit 11 emits a laser 
beam 10 as excitation light. The condenser lenses 12a 
and 12b condense the laser beam 10, which is originally 
divergent light. The solid-state laser medium 13 is, 
for example, a neodymium-doped YLF crystal ( Nd : YLF 
crystal). The resonator mirror 14 is arranged at the 
forward end of a solid-state laser resonator 31. The 
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quarter-wave plates 15 and 16 are provided on the 
forward and back sides of the Nd:YLF crystal 13 for 
realizing the so-called twist mode oscillation in the 
solid-state laser resonator. The optical wavelength 
5 conversion element 17, the polarization control element 

18, and the wavelength selection element 19 are 
arranged on the forward side of the quarter-wave plate 
16 in this order. 

In addition, the semiconductor laser unit 11 and 
^0 the condenser lenses 12a and 12b are fixed on a mount 

Mj 30 to form an excitation unit. The mount 30 is made of, 

|^ for example, copper, and the excitation unit is 

£ maintained at a predetermined temperature by a 

L temperature control element and a temperature control 

fl 5 circuit, which are not shown. 

C The optical wavelength conversion element 17 is 

s made of an MgO-doped LiNb0 3 crystal, and periodic 

domain-inverted structure is formed in the MgO-doped 

LiNb0 3 crystal. For example, the polarization control 
2 0 element 18 is realized by a Brewster plate, and the 

wavelength selection element 19 is realized by an 

etalon . 

The semiconductor laser unit 11 emits the laser 
beam 10 having a wavelength of 7 97 nm. When neodymium 
2 5 ions in the Nd : YLF crystal 13 are excited by the laser 

beam 10, the Nd : YLF crystal 13 emits light having a 
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wavelength of 1,313 nm. 

The outer end surface 15a of the quarter-wave 
plate 15 is coated so that the outer end surface 15a 
allows passage of the excitation laser light 10 having 
the wavelength of 797 nm, and efficiently reflects 
light having the wavelength of 1,313 nm or 657 nm, 
where the outer end surface 15a of the quarter-wave 
plate 15 has a form of a concave mirror. The light 
having the wavelength of 657 nm will be explained later. 
The mirror surface 14a of the resonator mirror 14 is 
coated so that the mirror surface 14a efficiently 
reflects light having the wavelength of 1,313 nm and 
the excitation laser light 10, and allows passage of a 
portion of the light having the wavelength of 657 nm. 
Therefore, the light having the wavelength of 1,313 nm 
resonates between the outer end surface 15a of the 
quarter-wave plate 15 and the mirror surface 14a of the 
resonator mirror 14 to generate laser oscillation. The 
optical wavelength conversion element 17 converts the 
light having the wavelength of 1,313 nm into a second 
harmonic wave, which is the above light having the 
wavelength of 657 nm. Thus, a Fabry-Perot solid-state 
laser resonator 31 is formed between the outer end 
surface 15a of the quarter-wave plate 15 and the mirror 
surface 14a of the resonator mirror 14, and almost only 
the second harmonic wave 21 is output through the 
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resonator mirror 14* In the Fabry-Perot solid-state 
laser resonator 31, the direction of the linear 
polarization is controlled by the polarization control 
element 18 , and single-wavelength oscillation is 
5 realized by the wavelength selection element 19. 

The beam splitter 22 is provided on the forward 
side of the resonator mirror 14 so that a first portion 
of the laser light emitted through the resonator mirror 
14 is received by the optical detector 23 , and the 
JafO second portion 21 of the laser light passes through the 

Hi beam splitter 22 and is output from the semiconductor- 

!|f laser-excited solid-state laser apparatus of Fig. 1. 

J:: The optical detector 23 is realized, for example, by a 

L photodiode, and detects the intensity of the first 

;?15 portion of the laser light emitted through the 

ffi resonator mirror 14. The detected result (the output of 

O the optical detector 23) is supplied to the automatic 

power control (APC) circuit 24, and the automatic power 
control (APC) circuit 24 controls the driving current 
2 0 of the semiconductor laser unit 11 based on the output 

of the optical detector 23 so that the intensity of the 
second harmonic wave 21 output from the semiconductor- 
laser-excited solid-state laser apparatus of Fig. 1 is 
maintained constant . 
2 5 Fig. 2 shows graphs illustrating relationships 

between the second harmonic wave output and the output 
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power of the semiconductor laser unit, in 
semiconductor-laser-excited solid-state laser 

apparatuses in which the resonator lengths in the 
semiconductor laser units are respectively 0.5 mm, 0.75 
5 mm, 1 mm, 1.5 mm, 2 mm, and 3 mm. As illustrated by the 

curve b in Fig . 2 , when the output power of the 
semiconductor laser unit is increased by 10% from 2.0 W 
to 2.2 W in the conventional semiconductor-laser- 
excited solid-state laser apparatus in which the 

%0 resonator length in the semiconductor laser unit is 

0.75 mm, the increase in the second harmonic wave 

Iz: output is only 4%. That is, the solid-state laser is 

2: not efficiently excited by the semiconductor laser unit 

:L having the 0.75 mm long resonator. 

+15 On the other hand/ the second harmonic wave 

* output is increased by 8% with 10% increase in the 

E3 output power of the semiconductor laser unit having a 

1.5 mm long resonator, as illustrated by the curve d in 
Fig. 2. That is, the increase in the second harmonic 
2 0 wave output is doubled when the resonator length in the 

semiconductor laser unit is increased from 0.75 mm to 
1.5 mm. When the resonator length in the semiconductor 
laser unit is further increased, the second harmonic 
wave output can be increased accordingly, as 
2 5 illustrated in Fig. 2. For example, in the 

semiconductor- laser-excited solid-state laser apparatus 
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in which the resonator length in the semiconductor 
laser unit is 3.0 mm, the second harmonic wave output 
increases linearly with the increase in the output 
power of the semiconductor laser unit, as illustrated 
by the curve f in Fig- 2. That is, an ideal output 
characteristic is obtained when the semiconductor laser 
unit includes the 3,0 mm long resonator. 

Fig. 3 is a graph illustrating the relationship 
between the wavelength shift and the resonator length 
in the semiconductor laser unit. In Fig. 3, the blank 
circles indicate the wavelength shift values in the 
output of the semiconductor laser unit when the 
semiconductor laser unit including a 1.0 mm long 
resonator is simply fixed to a block stem as a fixture; 
the blank squares indicate the wavelength shift values 
when the semiconductor laser unit having a 1.5 mm long 
resonator is simply fixed to a block stem as a fixture; 
the filled circle indicates the wavelength shift value 
when the semiconductor laser unit having a 1.0 mm long 
resonator is mounted in a laser diode (LD) package; and 
the filled squares indicate the wavelength shift values 
when the semiconductor laser unit having a 1.5 mm long 
resonator is mounted in a laser diode (LD) package. In 
the laser diode (LD) package, the semiconductor laser 
unit is in contact with a heatsink or the like, and is 
provided with a cooling apparatus. 



13 



As illustrated in Fig- 3, although the wavelength 
shift value is about 1.4 nm/A when the semiconductor 
laser unit is mounted in the laser diode (LD) package 
having a 1.0 mm long resonator, the wavelength shift 
values are reduced to about 1.1 to 1.3 nm/A when the 
resonator length in the semiconductor laser unit 
mounted in the laser diode (LD) package is increased to 
1.5 mm. That is, when the resonator length in the 
semiconductor laser unit is arranged to be at least 1.0 
mm, it is possible to maintain the wavelength shift 
values within the width of the absorption band of the 
solid-state laser crystal, and obtain a stable laser 
output. In addition, it is preferable that the 
resonator length in the semiconductor laser unit is 
arranged to be at least 1.5 mm. Although not shown in 
Fig. 3, when the resonator length in the semiconductor 
laser unit is further increased, the wavelength shift 
values can be reduced to at most 1 nm/A, and a further 
stable optical output can be obtained. 

The present invention can be applied to all types 
of semiconductor-laser-excited solid-state laser 
apparatuses. For example, the scope of the present 
invention is not limited to the semiconductor-laser- 
excited solid-state laser apparatuses in which 
wave length conversion is performed by an optical 
wavelength conversion element. The advantages of the 
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present invention can be obtained in other 
semiconductor- laser- excited solid-state laser 

apparatuses in which the wavelength conversion of the 
solid-state laser light is not performed. 
5 In addition, all of the contents of the Japanese 

patent application No. 11 ( 1999 )-113482 are incorporated 
into this specification by reference. 
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What is claimed is: 

1. A semiconductor-laser-excited solid-state 
laser apparatus comprising: 

a semiconductor laser unit including a 
5 first resonator; and 

a solid-state laser element which is 
excited by light emitted from the semiconductor laser 
unit, and emits laser light; 

wherein said first resonator has a length of 
10 at least 0.8 mm. 

2. A semiconductor-laser-excited solid-state 
laser apparatus according to claim 1, wherein said 
first resonator has a length of at least 1 mm. 

3. A semiconductor-laser-excited solid-state 
15 laser apparatus according to claim 1, wherein said 

first resonator has a length of at least 1.5 mm. 

4. A semiconductor-laser-excited solid-state 
laser apparatus according to claim 1, further 
comprising, 

2 0 a second resonator which is formed by 

said solid-state laser element and a mirror arranged 
outside of said solid-state laser element, and 

a wavelength conversion element which 
is arranged in said second resonator, and generates a 

2 5 second harmonic wave. 

5. A semiconductor-laser-excited solid-state 
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laser apparatus according to claim 4, wherein said 
first resonator has a length of at least 1 mm. 

6. A semiconductor-laser-excited solid-state 
laser apparatus according to claim 4, wherein said 
5 first resonator has a length of at least 1.5 mm. 
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ABSTRACT OF THE DISCLOSURE 
A semiconductor-laser-excited solid-state laser 
apparatus includes a solid-state laser element and a 
semiconductor laser unit including a resonator. The 

5 solid-state laser element is excited by light emitted 

from the semiconductor laser unit, and emits laser 
light. The resonator length in the semiconductor laser 
unit is arranged to be at least 0.8 mm, so as to reduce 
an amount of wavelength shift in light emitted from the 

0 semiconductor laser unit, and achieve a stable, high- 

power laser output from the semiconductor-laser-excited 
solid-state laser apparatus. 
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Prior Foreign Application(s) 

113482/1999 Japan 

(Number) (Country) 



(Number) (Country) 

(W4) 
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I hereby claim foreign priority under Title 35, United States Code, 
Section 119 (a)-{d) or 365(b) of any foreign application(s) for patent 
or inventor's certificate, or 365(a) of any PCT International 
application which designated at least one country other than the 
United States, listed below and have also Identified below, by 
checking the box, any foreign application for patent or inventor's 
certificate, or PCT International application having a filing date 
before that of the application on which priority is claimed. 

Priority Not Claimed 

0/1/21/1999 o 

(Day/Month/Year Filed) 

0B1MU1B) 



(Day/Month/Year Filed) 

(iiUWMB) D 

1 hereby claim the benefit under Title 35, United States Code, 
Section 119(e) of any United States provisional application(s) listed 
below. 



(Application No.) 



(Filing Date) „ 
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(Application No.) 
(WJBHHW 



(Filing Date) 
(HMRB) 
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(Application No.) 
(M«#») 



(Application No.] 
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(Filing Date) 
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(Filing Date) 
(£15160) 
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t hereby claim the benefit under Title 35, United States Code, 
Section 120 of any United States application(s), or 365(c) of any 
PCT International application designating the United States, listed 
below and, insofar as the subject matter of each of the claims of 
this application is not disclosed in the prior United States or PCT 
International application in the manner provided by the first 
paragraph of Title 35, United States Code Section 112, I 
acknowledge the duty to disclose information which is material to 
patentability as defined in Title 37, Code of Federal Regulations, 
Section 1.56 which became available between the filing date of the 
prior application and the national or PCT International filing date of 
application. 

(Status: Patented, Pending. Abandoned) 

(Status: Patented, Pending, Abandoned) 

I hereby declare that all statements made herein of my own 
knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or 
imprisonment, or both, under Section 1001 of Tttte 18 of the 
United States Code and that such willful false statements may 
jeopardize the validity of the application or any patent issued 
thereon. 
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POWER OF ATTORNEY: As a named inventor, I hereby 
appoint the following attorney(s) and/or agent(s) to prosecute 
this application and transact all business in the Patent and 
Trademark Office connected therewith, (list name and reg- 
istration number) 



Lawrence Rosenthal, Registration No. 24,377 
Steven B. Pokotilow, Registration No. 26,405 
James J. DeCarlo, Registration No. 36,120 



•SiWiMttSfe ' $ encl Correspondence to: 

STROOCK & STROOCK & LAVAN LLP 

180 Maiden Lane 

New York, New York 10038-4982 



U! iSa«ISa*&5t : {£ ft * <£ tf^BS^) Direct Telephone Calls to: {name and telephone number) 

W STROOCK & STROOCK & LAYAN LLP 

U] (212)806-5400 





Full name of sole or first inventor 

Hisashi Ohtsuka 


an 


Inventor's signature Date 




Residence c/0 Fuji Photo Film CO, , Ltd. 

Kanaqawa-ken , Japan 




Citizenship 

Japan 




Post office Address 798 Miyanodai, Kaisei-machi 
Ashiqarakami-qun, Kanaqawa-ken, Japan 








Full name of second joint inventor, if any 

Yoji Okazaki 




Second Inventor's signature Date 




Residence c/o Fuji Photo Film Co., Ltd. 
Kanagawa-ken, Japan 


SSI 


Citizenship 

Japan 




Post office Address 798 Miyanodai , Kaisei-machi 
Ashigarakami-gun, Kanaqawa-ken, Japan 
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$g£J: t/m* * ««T *Zto) sequent joint inventors ) 
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